Expression of the immune-stimulatory molecule Fmslike tyrosine kinase 3 ligand (Flt3L) and the conditional cytotoxic enzyme herpes simplex virus type 1 thymidine kinase (HSV1-TK) provides long-term immune-mediated survival of large glioblastoma multiforme (GBM) models in rodents. A limitation for predictive testing of novel antiglioma therapies has been the lack of a glioma model in a large animal. Dogs bearing spontaneous GBM may constitute an attractive large-animal model for GBM, which so far has remained underappreciated. In preparation for a clinical trial in dogs bearing spontaneous GBMs, we tested and optimized adenovirus-mediated transgene expression with negligible toxicity in the dog Optimization of adenoviral vector-mediated transgene expression in the canine brain in vivo, and in canine glioma cells in vitro model. Neuro-Oncology 9, 245-258, 2007 (Posted to Neuro-Oncology [serial online], Doc. D06-00084, May 23, 2007 DOI: 10.1215 DOI: 10. /15228517-2007 Keywords: brain inflammation, canine, Flt3L, gene therapy, glioma, gutless adenoviral vectors, HSV1-TK G lioblastoma multiforme (GBM) is an aggressive and locally invasive primary brain tumor. Every year, approximately 17,000 Americans are diagnosed with GBM and roughly 13,000 succumb to this disease (see the Web sites of the Mayo Clinic, http://www .mayoclinic.com; and the Central Brain Tumor Registry of the United States, http://www.cbtrus.org). Despite advances in surgery, radiation therapy, and chemotherapy, there is still no cure for GBM and the prognosis remains bleak, the average survival being 6-12 months after diagnosis.
G lioblastoma multiforme (GBM) is an aggressive and locally invasive primary brain tumor. Every year, approximately 17,000 Americans are diagnosed with GBM and roughly 13,000 succumb to this disease (see the Web sites of the Mayo Clinic, http://www .mayoclinic.com; and the Central Brain Tumor Registry of the United States, http://www.cbtrus.org). Despite advances in surgery, radiation therapy, and chemotherapy, there is still no cure for GBM and the prognosis remains bleak, the average survival being 6-12 months after diagnosis. [1] [2] [3] [4] [5] [6] Considering the poor prognosis of patients with high-grade gliomas and the local invasive nature of GBM, gene-therapeutic approaches are very attractive. Although gene-therapy approaches are being investigated in many rodent preclinical models and in clinical trials, [6] [7] [8] [9] [10] [11] [12] [13] the lack of a large-animal model of GBM makes it difficult to predict the clinical outcome of these experimental therapies.
Most preclinical studies for novel therapeutics for GBM are conducted in rodent models, 9,14-17 which have proven very useful both to elucidate mechanisms of GBM progression and to test novel therapeutic strategies. However, it is desirable to develop novel animal models that may better predict the therapeutic outcome of novel therapies to be applied in clinical trials. Dogs bearing spontaneous GBM may constitute an attractive large-animal model for this disease.
Dogs live with people; therefore, the canine genome is exposed to the same environmental influences as the human genome, influences that have been proposed to underlie pathophysiological similarities shared by many human and canine cancers. 18 The similarities in terms of disease progression, prognosis, and neuropathological characteristics between canine and human GBM, [19] [20] [21] [22] [23] combined with the sophisticated genomic resources now available for dogs, 24 make GBM a valuable model for preclinical research. GBM is a relatively common tumor in dogs, accounting for 12% of brain tumors, 19 especially in brachycephalic breeds of dogs, such as Boston terriers and Boxers, which are predisposed to develop GBM [20] [21] [22] with MRI and histological features similar to human gliobastomas. 23 Dogs have already proven to be excellent models for human Duchenne muscular dystrophy, 25, 26 hemophilia, 27 and lysosomal storage diseases. 28 , 29 High levels of transgene expression are beneficial for gene-therapy applications on several accounts; for example, it enables lowering the vector dose needed to achieve efficacy, thereby diminishing any putative adverse side effects produced by tissue damage or inflammatory or immune responses elicited when high loads of viral vectors are used, and this further ensures stable and high levels of transgene expression. We previously showed that the murine cytomegalovirus (mCMV) promoter exerts higher transgene expression than the human CMV (hCMV) promoter in vivo in rat brain 30, 31 and in vitro in rodent and human glioma cells. 32 In the present work, we compared the strength of the mCMV promoter and the hCMV promoter to drive transgene expression in vivo in dog brain and in vitro in J3T dog glioma cells.
Preexisting immunity could impair transgene expression in the brain of outbred dogs and may also trigger immune or inflammatory processes that could lead to undesired neurotoxicity. [33] [34] [35] [36] Moreover, most human patients undergoing clinical trials will have preexisting systemic antiadenovirus immunity. Around 60% of the human population exhibits serum antiadenovirusneutralizing antibodies. 37 Thus, in the present report, we determined the prevalence of antiadenovirus immunity in outbred dogs. We studied the effectiveness of high-capacity adenoviral vectors (HC-Ads) to transduce dog glioma cells in vitro, as a prelude to using these vectors to implement a clinical trial for GBM in dogs. These vectors are devoid of all viral encoding genes, exhibiting very low immunogenicity and persistent transgene expression, even in the presence of an anti-Ad immune response. 31, 35, 36, 38 We compared the transduction efficiency of regulated HC-Ads encoding the tetracyclinedependent (TetON) system under the control of the mCMV promoter and the hCMV promoter. We also tested the ability of two HC-Ads expressing herpes simplex virus type 1 thymidine kinase (HSV1-TK) or Fms-like tyrosine kinase 3 ligand (Flt3L) to transduce dog glioma cells. We found that the mCMV promoter exerted higher transgene expression levels than the hCMV promoter in vivo and in vitro in the context of both firstgeneration and HC-Ads. HC-Ads expressing HSV1-TK exerted cytotoxic effects in the presence of ganciclovir, and HC-Ad-TetON-Flt3L expressed and secreted high levels of the cytokine, which was tightly regulated by the inducer doxycycline. In summary, our results support the use of HC-Ads for the treatment of spontaneous GBM in dogs, which constitute an ideal large-animal model for preclinical testing of novel anti-GBM therapies.
Materials and Methods

Adenoviruses
Two vector platforms were used for this study: first-generation replication-defective recombinant adenovirus type 5 vectors (Ads) and novel "gutless" HC-Ads. The first-generation vectors express b-galactosidase (b-Gal) under the transcriptional control of either the human (Ad-hCMV-b-Gal) or murine (Ad-mCMV-b-Gal) CMV intermediate early promoter embedded within the E1 region. 39 The high-capacity vectors express their transgenes under the control hCMV or mCMV promoters encoded within a vector genome completely devoid of all adenoviral encoding sequences. 40 HC-Ads contain the regulatable expression system TetON, which enables transgene expression to be turned on or off, respectively, in the presence or absence of doxycycline (DOX). 31 under the control of the human promoter (Ad-hCMV-bGal) or the murine CMV promoter (Ad-mCMV-b-Gal), both of which were diluted with sterile saline to 8 3 10 8 PFU in a final volume of 50 ml. Five bilateral injections were given to each dog, with the injections spaced 1 cm apart at a depth of 2 cm (from the cortical surface) in 5 ml/site (8 3 
10
7 PFU/injection site) over 5 min.
Clinical Assessment and Euthanasia of Dogs
Body temperature was taken daily with a rectal thermometer. Blood and cerebrospinal fluid (CSF) from the cisternae magna were collected immediately before surgery and three days afterward. Complete blood count, serum chemistry, urinalysis, and CSF analysis were performed by clinical pathology in the Veterinary Medical Center. Seven days after surgery, the dogs were humanely euthanized by i.v. administration of sodium pentobarbital (200 mg/kg). After euthanasia, all dogs were perfused as previously described.
44
Antiadenovirus-Neutralizing Antibody Assay
Serum samples were obtained from 17 healthy outbred dogs recruited at the Veterinary Medical Center, College of Veterinary Medicine, University of Minnesota, and the Department of Comparative Medicine at CedarsSinai Medical Center, Los Angeles. Neutralizing antiadenovirus titers were determined as previously described by us.
15
Cell Cultures
The dog GBM cell line J3T 45 was obtained from Dr. Michael Berens (Translation Genomics Research Institute, Phoenix, AZ, USA). Cultures were maintained in Dulbecco's modified Eagle's medium supplemented with 10% (vol/vol) fetal calf serum, 100 U/ml penicillin, 100 U/ml streptomycin, 2 mM l-glutamine, and 2 mM nonessential amino acids. J3T glioma cells were infected with first-generation (Ads) or high-capacity adenoviral vectors (HC-Ads). Cells were infected with Ads expressing b-Gal under the control of the mCMV or hCMV constitutive promoters. Cells were also infected with HC-AdmTetON-b-Gal and HC-Ad-hTetON-b-Gal 31 encoding b-Gal under the control of the TetON system driven by the mCMV promoter and the hCMV promoter, respectively. We also tested an HC-Ad expressing HSV1-TK under the control of the mCMV promoter (HC-Ad-TK) and an HC-Ad expressing human Flt3L under the control of a TetON system driven by the mCMV promoter (HC-Ad-TetON-Flt3L). When cells were infected with regulatable HC-Ads, they were incubated for 72 h with the vector in the presence of 1 mg/ml DOX, which activates the transactivator to initiate transgene expression after binding to the tetracycline-responsive element (TRE) promoter. 41 After 72 h, cells were processed for b-Gal enzymatic activity assay or immunocytochemistry to determine viability, and the supernatant was collected for Flt3L ELISA. 
Development of mCMV-and hCMV-Driven
Engineering of HSV1-TK and Flt3L Encoding Cassettes
The high-capacity shuttle plasmids pSTK120-mCMV-TK-polyA and pBlueScript II KS (+)[TRE-hsFlt3L-polyA]-[mCMV-rtTA2 S M2-pIRES-tTS Kid -pA]-kana were generated as described by us previously. 
Scale-Up of First-Generation and HC-Ads
First-generation vectors were scaled up in 293 cells as described by us previously. 39 High-capacity vectors were rescued and scaled up in Cre recombinaseexpressing 293 cell line by using the helper virus (HV) AdNG163 as previously described. 40 First-generation vectors were titered in triplicate by endpoint dilution, cytopathic effect assay. 39 The titers determined were as follows: Ad-mCMV-b-Gal (RAd36) 30 39 and contaminating HV (PFU/ml), 31, 39 were as follows: HC-AdmCMV-TetON-b-Gal was 1.2 3 10 13 VP/ml and 1 3 10 7 PFU/ml; HC-Ad-hCMV-TetON-b-Gal was 4.8 3 
10
12 VP/ml and 1 3 10 6 PFU/ml; HC-Ad-mCMV-TK was 4.6 3 10 12 VP/ml and 1 3 10 5 PFU/ml; and HCAd-mCMV-TetON-Flt3L was 7.0 3 10 12 VP/ml and 1 3 10 5 PFU/ml. All viral preparations were free from replication-competent adenovirus and lipopolysaccharide contamination.
39
Dogs
Four healthy adult beagles were purchased by University of Minnesota Research Animal Resources from a licensed vendor and kept in a pathogen-free and wellmaintained canine housing facility at the Veterinary Medical Center, College of Veterinary Medicine, University of Minnesota. These experiments were conducted according to an approved Institutional Animal Care and Use Committee protocol, and every effort was made to minimize pain and discomfort. The housing area was maintained at 12 h light and 12 h dark at 22° 6 2°C throughout the study. Every dog was fed ad libitum 220 g of standard-maintenance diet daily. Blood from these dogs was obtained on the day of surgery, 24 h after surgery, and on the day of euthanasia. Rectal body temperature was monitored daily.
Anesthesia and Surgery or Gene Delivery
Intracranial gene delivery was performed as we previously described elsewhere. 44 One dog per experiment was injected with either adenovirus-expressing b-Gal b-Galactosidase Activity J3T dog glioma cells (5 3 10 4 /well) were infected with 30 PFU/cell of a first-generation Ad-hCMV-b-Gal or Ad-mCMV-b-Gal for 72 h. Cells were also infected with 30 blue-forming units of HC-Ad-mTetON-b-Gal or HC-Ad-hTetON-b-Gal and incubated for 72 h either with or without 1 mg/ml DOX. b-Gal activity was measured as described previously.
31,32
Detection of HSV1-TK Cytotoxicity
J3T dog glioma cells (5 3 10 3 /well) were infected with HC-Ad-TK (1 expressing particle/cell) or HC-Ad-b-Gal (1 blue-forming unit/cell). After 48 h, cells were incubated in the presence or absence of the prodrug ganciclovir (GCV, 10 mM) for seven days. HSV1-TK cytotoxicity was also detected in J3T cells infected with HC-Ad-TK (1 transgene-expressing particle/cell) in combination with HC-Ad-mTetON-Flt3L (500 VP/cell). After 48 h, cells were incubated with or without GCV and DOX for seven days. Cell viability was determined by the MTS assay (Promega, Madison, WI, USA) as we previously described.
44
Flt3L ELISA
J3T dog glioma cells (5 3 10 4 /well) were infected with HC-Ad-TetON-Flt3L (5,000 VP/cell) alone or in combination with HC-Ad-TK (1 expressing particle/cell) and incubated with or without 1 mg/ml DOX. After 72 h, the supernatants were collected, depleted of cellular debris by centrifugation, and stored at -70°C. Human Flt3L concentration was determined by using a commercial ELISA kit (21-377-296, R&D systems, MN, USA).
32
Immunocytochemistry
Transgene expression was determined by immunocytochemistry in J3T cells fixed 72 h after infection (4% paraformaldehyde in phosphate-buffered saline, 15 min, at room temperature) and in dog striatal coronal sections (75 mm) cut with a microtome. Transgenes were detected with anti-b-Gal, 35, 46 anti-TK, 14, 15 and anti-Flt3L 14, 15, 47 specific primary antibodies (1:1,000) developed in our laboratory. Inflammatory cells were detected in dog striatal sections treated with trypsin and citrate buffer for antigen retrieval by using monoclonal primary antibodies against dog CD3 (T cells) and CD18 (macrophages and microglia) 48 as previously described. 32 Antibody binding was revealed by using antirabbit biotinylated secondary antibodies (1:1,000) (Dako, Fort Collins, CO, USA), followed by incubation with peroxidaseconjugated avidin (Vector, Burlingame, CA, USA) and diaminobenzidine (Sigma, St. Louis, MO, USA).
To detect in which cell types the transgenes are expressed, we combined b-Gal, TK, and Flt3L primary antibodies with astrocytic and neuronal cell markers. Guinea pig anti-glial fibrillary astrocytic protein (GFAP, 1:500) (Advanced Immunochemical, Long Beach, CA, USA) was used to detect astrocytes and mouse antineuronal nucleus (NeuN) antibody (1:1,000) was used to label mature neuronal cells (Chemicon, Temecula, CA, USA). The fluorescent secondary antibodies (1:1,000) used for detection were goat antirabbit Alexa 488, goat anti-guinea pig Alexa 647, and goat antimouse Alexa 594 (Molecular Probes, Eugene, OR, USA). Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI) (Molecular Probes/Invitrogen, Carlsbad, CA, USA) and mounted with ProLong Antifade (Molecular Probes/ Invitrogen).
Confocal Microscopy
Confocal micrographs were obtained using a Leica confocal microscope TCS SP2 with AOBS equipped with a 405-nm violet-diode UV laser, 488-nm argon laser, and 594-and 633-nm helium-neon lasers; and using a HCX PL APO 63 3 1.4 numerical aperture oil objective (Leica Microsystems Heidelberg, Mannheim, Germany).
Automated Cell Counts
The number of J3T dog glioma cells transduced and the brain area transduced by the adenoviruses in vivo were estimated by automated stereology, using a Zeiss Axioplan 2 microscope with Ludl electronic MAC 5000 XY stage control (Ludl Electronics Products, Hawthorne, NY, USA) and Axioplan Z-axis control (Carl Zeiss, Thornwood, NY, USA) using the Stereo Investigator software (Microbrightfield, Colchester, VT, USA) as we previously described. 32 The area to be sampled was traced with 31.25 objective. For J3T cell counts, the thickness and the size of the counting frames were 1 mm and 200 3 200 mm, respectively. Selection was made to count cells in 25 sampling sites in each well.
Statistical Analysis
Transduced brain areas and in vitro measurements were analyzed by Student's t-test or two-way analysis of variance (ANOVA), followed by Duncan's test, and automated cell counts were analyzed by chi-square test (NCSS 2004 statistical software). The cutoff point for significance was considered to be p , 0.05. The replicates measured in each cytotoxicity assay consisted of 10 wells/group. Flt3L released was determined in the supernatant of 3 wells/group because of the low variability within replicates in this assay. The b-Gal activity assays were performed using 3 replicates/group. In each in vivo experiment, one dog was injected in five different injection sites by using an identical dose of each Ad used. Experiments were performed at least twice.
Results
mCMV Promoter Elicits Higher Levels of Transgene Expression than the hCMV promoter in Dog Brain In Vivo
The choice of strong promoters is crucial to exert high transgene expression levels by using lower viral doses, leading to therapeutic efficacy with negligible toxicity. We had previously shown that the mCMV promoter elicited 3-log higher levels of transgene expression within the rodent brain in vivo. 30 Thus, we assessed the strength of the mCMV promoter compared with the hCMV promoter in driving transgene expression from adenoviruses in dog brain in vivo. We administered Ads encoding b-Gal under the control of the hCMV promoter or the mCMV promoter by using a dose of 8 3 
10
7 PFU/5 ml per injection site into the cerebral cortex of healthy Beagles. As shown in Fig. 1A , Ad-hCMV-b-Gal elicited an area of transduction of 1.6 mm 2 surrounding the injection site, whereas the Ad-mCMV-b-Gal transduced an area of 8 mm 2 , which was five times larger (p , 0.05, Student's t-test).
We then determined by immunocytochemistry the cell-type specificity of transgene expression and infiltration of inflammatory cells in the brain of the dogs injected with Ad-mCMV-b-Gal or Ad-hCMV-b-Gal. Although transgene expression was much higher when driven by the mCMV promoter, infiltration of inflammatory cells into the site of injection was similar when dogs were injected with Ad-hCMV-b-Gal and Ad-mCMV-bGal (Fig. 1B) . Macrophages and microglia were detected through their immunoreactivity for anti-CD18, and T cells were identified by CD3 immunoreactivity. Macrophage infiltration was detected only at the site of Ad injection. We also found T-cell infiltration, although to a lesser extent, which was also localized at the injection site (Fig. 1B, bottom panels) . Cell type-specific expression of Ad-encoded transgene in dog brain was detected by double-labeling immunofluorescence using antibodies against GFAP and neuronal cell body (NeuN). Images in Fig. 2 demonstrate that b-Gal encoded within AdmCMV-b-Gal is expressed in astrocytes ( Fig. 2A) and also in neurons (Fig. 2B) .
Intracranial Administration of Adenoviruses in Dogs Does Not Induce Adverse Side Effects
We monitored changes in the clinical parameters after the intracranial administration of adenoviruses. Body temperature remained normal during the course of the study in all animals (not shown). Blood counts and serum biochemistry were determined during the surgery, after 24 h, and after seven days. All serum chemistry values (Table 1 ) and blood count values (Table 2) were within normal range, as were the findings of the urinalysis, which was performed the day of the surgery and after three days (not shown). CSF was collected from the cisterna magna during the surgery and prior to euthanasia. The analysis of the CSF (Table 3) indicated that cellularity was slightly increased seven days after adenovirus administration and was composed of red blood cells along with a population of nucleated cells that included lymphocytes, nondegenerated neutrophils, and small and large mononuclear cells. Other parameters of the CSF, such as color, viscosity, and turbidity, remained normal.
mCMV Promoter Elicits Higher Levels of Transgene Expression in the Context of HC-Ads in Dog Glioma Cells In Vitro
Since we aim to develop Ad-mediated gene-therapeutic approaches in dogs bearing spontaneous GBM, we determined whether the mCMV promoter also yields higher levels of transgene expression than the hCMV promoter in dog glioma cells in vitro. J3T dog glioma cells were infected with 30 PFU/cell of Ad-hCMV-b-Gal or Ad-mCMV-b-Gal for 72 h. Transgene expression was detected by b-Gal activity assayed in total cell protein extracts. Although b-Gal expression was readily detected in J3T cells infected with both vectors, b-Gal enzymatic activity was more than 30 times higher (p , 0.05) when cells were infected with Ad-mCMV-b-Gal (2.16 6 0.01 enzymatic activity/min) than when they were infected with Ad-hCMV-b-Gal (0.065 6 0.003 enzymatic activity/min). Thus, we used the mCMV to drive the expression of the therapeutic genes, i.e., HSV1-TK and Flt3L within HC-Ads.
Outbred dogs might exhibit preexisting immunity against adenoviruses, which would hamper long-term transgene expression from first-generation Ads and lead to severe inflammatory side effects. 17,34 -36,43,49-51 We therefore determined the prevalence of antiadenoviral neutralizing antibodies in the serum from 17 outbred dogs recruited at the College of Veterinary Medicine, University of Minnesota and the Department of Comparative Medicine at Cedars-Sinai Medical Center (Fig. 3) . Titers that were lower than 1/16 were considered background, as is conventionally accepted for human anti-Ad titers. 37 We determined that 60% of the outbred dogs exhibited neutralizing antibodies against adenovirus, with an average titer of 1/257 6 56. Considering that preexisting immunity against adenoviruses can impair long-term transgene expression and trigger immune/inflammatory processes, [33] [34] [35] [36] 50, 51 HC-Ads 31,38,40,50,52,53 will be required for the treatment of GBM in dogs and humans. Abbreviations: Ad-hCMV-b-Gal, adenovirus vector-human cytomegalovirus promoter-b-galactosidase; Ad-mCMV-b-Gal, adenovirus vector-murine cytomegalovirus promoterb-galactosidase.
Since levels of transgene expression may depend on the viral vector backbone, we compared the ability of the mCMV promoter and the hCMV promoter in the context of a regulatable HC-Ads expressing b-Gal in dog J3T glioma cells. Cells were infected with regulatable HC-Ads expressing b-Gal under the control of the TetON system driven by the mCMV promoter (HCAd-mTetON-b-Gal) or the hCMV promoter (HC-AdhTetON-b-Gal) (Fig. 4A) . To activate transgene expression, the cells were incubated in the presence of DOX (1 mg/ml) for 72 h. Transgene expression was assessed by immunocytochemistry and b-Gal enzymatic activity. As shown in Fig. 4B , when cells were incubated in the absence of DOX, b-Gal staining was detected only sporadically, whereas in the presence of the inducer, both vectors yielded b-Gal expression in almost the totality of cells. Tallying with our previous data in human glioma cells, 32 b-Gal activity in J3T dog glioma cells was 70% higher when the TetON system was driven by the mCMV promoter compared with the hCMV promoter (Fig. 4B) .
HC-Ads Encoding the Therapeutic Transgenes HSV1-TK and Flt3L Successfully Transduce Dog Glioma Cells In Vitro and Exert Antitumoral Effects
We previously demonstrated that an immunotherapeutic approach that combines the cytotoxic properties of HSV1-TK, which kills glioma cells in the presence of ganciclovir (GCV), 32, 42, 54 with the immunostimulatory effects of Flt3L 14, 15, 47 is very efficient in eliminating large, intracranial GBM in the syngeneic Lewis rat model. 15 We therefore tested the ability of HC-Ads encoding the therapeutic transgenes in dog GBM cells. An HC-Ad encoding HSV1-TK under the control of the mCMV promoter was used to infect J3T dog glioma cells at a dose of 1 transgene-expressing particle (TEP) per cell (Fig. 5A) . After 48 h, transgene expression was readily detected by immunocytochemistry. The antitumoral effect of TK was induced by incubating the cells in the presence of the prodrug GCV for seven days. Incubation of cells with 10 mM of GCV had no cytotoxic effects per se. However, incubation with GCV after HC-Ad-TK infection exerted potent cytotoxicity, with 90% cell death. Expression of HSV1-TK in the absence of GCV caused low levels of cytotoxicity (approx. 20%). To determine whether the cytotoxic effects of HC-Ad-TK were transgene specific and not induced by HC-Ad infection, J3T cells were infected with a HC-Ad encoding b-Gal under the control of the mCMV promoter (HCAd-b-Gal) at the same dose as HC-Ad-TK in the presence or absence of GCV (not shown). HC-Ad-b-Gal did not modify the percentage of cell death, even in the presence of GCV. We conclude that the toxic effects seen were caused by expression of HSV1-TK and not by HC-Ad infection of J3T cells. An HC-Ad encoding Flt3L under the control of the TetON system driven by the mCMV promoter was used to infect J3T dog glioma cells (Fig. 5B) . The cells were infected for 48 h in the presence or absence of DOX. Transgene expression was detected by immunocytochemistry and ELISA. The images in Fig. 5B indicate that transgene expression was detected only when cells were incubated in the presence of the inducer. Stringent control of Flt3L release was also assessed by ELISA. In the presence of DOX, 7 nM of Flt3L was detected in the supernatant of these cultures. Expression of Flt3L in the absence of DOX (off state) was around 0.1% compared to its expression in the on state (Fig. 5B) . Since the anti-glioma therapeutic approach entails the delivery of both transgenes, TK and Flt3L, we infected J3T dog glioma cells with HC-Ad-TK and/or HC-AdmTetON-Flt3L in the presence or absence of DOX. After 48 h, we detected the expression of both transgenes by immunocytochemistry and ELISA. TK cytotoxicity was determined by the MTS assay after the incubation of cells with GCV (10 mM) and DOX for an additional 48 h. Transduction efficiency of HC-Ad-TK (Fig. 6A) , as assessed by immunocytochemistry, was similar when J3T cells were infected with the vector alone or combined with HC-Ad-mTetON-Flt3L (approx. 25%). In the absence of GCV, coinfection with both vectors did not modify the viability of J3T cells. The cytotoxic effect of HC-Ad-TK/GCV observed in the presence of GCV was unaffected by coinfection with HC-Ad-mTetONFlt3L (Fig. 6A) .
Combined therapy also exerted stringent control of Flt3L expression (Fig. 6B) . In the absence of the inducer DOX, expression of Flt3L was negligible, whereas in the presence of DOX, combined therapy resulted in Flt3L levels of 4 nM, approximately 40% (p , 0.05) lower than the expression levels elicited by infection with HCAd-mTetON-Flt3L alone (Fig. 6B) . However, transduction efficiency, as assessed by immunocytochemistry, was not significantly reduced when combined therapy was applied to J3T cells (approx. 50%).
Discussion
In this article, we aimed to assess whether the mCMV promoter encoded within Ads was significantly more efficient both in the brain in vivo and in dog GBM cells in vitro at driving transgene expression. This would enable the use of lower vector doses with the concomitant decrease in any putative toxic side effects caused by higher vector loads, which would otherwise be required to achieve the necessary levels of therapeutic gene expression to elicit the desired clinical outcome. 55 Our results tally with our previous reports in rat brain in vivo 30, 31 and human glioma cells in vitro. 32 Our data also show that Ad-mCMV-b-Gal readily transduced astrocytes and neurons in vivo without inducing any local or systemic adverse side effects. Although transgene expression elicited by Ad-mCMV-b-Gal was higher and more widespread than by Ad-hCMV-b-Gal, the infiltration of inflammatory cells in the brain parenchyma at the site of Ad injection was similar for both vectors. The dose we used (8 3 10 7 PFU/injection site) was well tolerated and did not elicit short-term side effects other than slight local inflammation characterized by mononuclear pleocytosis evident in the CSF and the infiltration of macrophages and T cells in the vicinity of the injection site within the brain parenchyma. We have previously demonstrated the local and transient inflammatory response observed after Ad delivery into brain in vivo is dose dependent and does not adversely affect the levels or the duration of transgene expression. [34] [35] [36] 43 In the presence of preexposure to adenovirus, the adaptive immune response that later ensues eliminates transgene expression from first-generation Ads. This is because, even when the E1A genes that mediate transcription of all other Ad viral genes are deleted, there is still a very low-level leaky expression of Ad genes, 56 which are recognized by cytotoxic anti-Ad immune cells. 35, 36, 57 We also show that the mCMV promoter is more effective not only in the context of first-generation Ads, but also within regulatable HC-Ads. Although both regulatable HC-Ads (HC-Ad-mTetON-b-Gal and HC-AdhTetON-b-Gal) transduced the majority of dog glioma cells and exhibited stringent control by the inducer, bGal activity in the induced state was significantly higher when the TetON system was driven by the mCMV promoter. Our results suggest the mCMV promoter is an ideal promoter to achieve HC-Ad-mediated inducible therapeutic gene delivery to dog GBM, and that these constructs will enable the decrease in the overall dose of HC-Ad required to achieve a desirable therapeutic effect without compromising the safety of the therapy or its immune/inflammatory adverse side effects.
Preexisting immunity against gene-therapy vectors might not only hamper long-term transgene expression, but may also elicit very severe local and systemic adverse immune side effects. 55 However, regulatable HC-Ads efficiently regulate transgene expression even in the presence of a systemic immune response against adenoviruses. 31 We found that 60% of the outbred dogs tested exhibited neutralizing antibodies against adenoviruses. These data are in accordance with the anti-Ad immune status reported for humans. 37 Thus, HC-Ads would be ideally suited for the treatment of GBM in dog and human patients. We assessed the ability of novel, therapeutic HC-Ads to infect and exert antitumoral effects in dog GBM cells in culture. We tested HC-Ads encoding HSV1-TK and Flt3L since overexpression of these two transgenes in combination with GCV showed effective antiglioma effects in a preclinical model of intracranial, syngeneic GBM in Lewis rats. 15 Since we found that the mCMV promoter was more effective not only in the context of first-generation Ads, but also within regulatable HC-Ads, the therapeutic HC-Ads encoded TK and Flt3L under the control of the mCMV promoter. The expression of HC-Ad-TK and HC-Ad-mTetON-Flt3L resulted in effective transduction of dog glioma cells and exerted a strong cytotoxic effect when combined with GCV. Although HC-Ad-TK transduction efficiency was 25% as determined by immunocytochemistry, HSV1-TK cytotoxicity decreased the viability of dog glioma cells by 90%, suggesting the occurrence of a bystander effect of TK/GCV, as previously reported in other cell types. 54 Moreover, a 15% decrease in cell viability in HC-Ad-TK-infected cells in the absence of GCV indicates that HSV1-TK is slightly cytotoxic for these cells, a phenomenon observed in other cell lines, including human glioma U251 cells. 32, 54, 58 Transduction efficiency of HC-Ad-mTetON-Flt3L was approximately twofold higher when compared with HC-Ad-TK in dog GBM cells. This could be because Flt3L expression is driven by the TetON system, which yields higher levels of transgene expression in vivo and in vitro. 31, 32 Also, the tetracycline-controlled transcriptional silencer, tTS Kid , not only allows for even tighter regulation of the inducible system, 41 but also enhances transactivator expression levels by inhibiting its degradation. 59 Since this therapy needs to be given in combination, we tested the transduction efficiency and bioactivity when the dog GBM cells were coinfected with both HCAds. Cytotoxicity induced by HC-Ad-TK in the presence of GCV was unmodified by coinfection. Although expression of one transgene did not block expression of the other one, coinfection resulted in lower levels of Flt3L being released. Since coinfection did not induce cell death per se when compared with HC-Ad-TK single infection, we conclude that this inhibitory effect was not caused by vector-induced cytotoxicity. More likely, since the two transgenes are driven by the same mCMV promoter, competition for the transcriptional and translational machinery in coinfected cells could result in lower expression levels of each individual transgene. Nevertheless, since Flt3L exerts an immune-stimulatory effect, 15, 47 and HSV1-TK exhibits an strong bystander effect, 32, 54, 58 limited numbers of cells will need to be transduced for the therapy to be effective.
In summary, our results show for the first time that the mCMV promoter is stronger than the hCMV promoter in the normal brain of dogs in vivo and in dog glioma cells in vitro. Our data also demonstrate that HCAds encoding therapeutic transgenes under the control of regulatory sequences driven by the mCMV promoter elicit efficient therapeutic gene expression and cytotoxicity within canine GBM cells in vitro. These studies provide the foundations for the development of HC-Ads to implement gene-therapy trials in canines bearing spontaneous GBM. The results obtained in this large-animal model could be more predictive of therapeutic outcomes in human patients.
